ResouRce paRtitioning and paleoecology of neogene fRee-living coRals as deteRmined fRom skeletal stable isotope composition James S Klaus, Sean T Murray, Peter K Swart, and Donald F McNeill abstRact Changes in the Caribbean coral fauna associated with Plio-Pleistocene extinctions are unique in that origination preceded extinction. This pattern is particularly evident in free-living solitary and flabello-meandroid (FSFM) corals. Here we use the stable isotopes of carbon and oxygen to assess the paleoautecology of pre-turnover FSFM corals from the Cibao Basin, northern Dominican Republic. We assess photosymbiosis and resource utilization within FSFM corals and how changing Neogene paleoclimatic and paleoceanographic conditions may have contributed to originations and extinctions within this unique ecological group. Measurements of δ 13 C and δ 18 O were compared between two known zooxanthellate coral species, two known azooxanthellate species, and six FSFM species of the Cibao Basin. Skeletal δ 13 C provided the best indicator of resource utilization by FSFM corals. For both modern reef corals and Mio-Pliocene reef corals from the Cibao Basin, values of δ 13 C fall between 0‰ and −2‰ whereas the δ 13 C values of azooxanthellate corals generally fall between −3‰ and −9‰. Both modern and fossil FSFM corals lie intermediate to these end members. FSFM values of δ 13 C fall between −1‰ and −4‰ and suggest reduced photosymbiosis in comparison to typical reef corals. Reduced photosymbiosis of FSFM corals in comparison to reef corals is also reflected in a stronger covariation between δ 13 C and δ 18 O. Though FSFM corals are clearly utilizing translocated carbon from associated algal symbionts, the more depleated values of δ 13 C and covariation with δ 18 O suggest a greater dependence on heterotrophic feeding. This ecological lifestyle likely has made FSFM corals sensitive to changes in primary productivity that characterize the Caribbean Neogene.
Neogene coral assemblages of the Caribbean region have provided a long-term record of how reef ecosystems respond to environmental change. Coral assemblages changed in taxonomic composition, diversity, and dominance structure during Plio-Pleistocene faunal turnover (Klaus and Budd 2003) . During this event approximately 80% of Mio-Pliocene corals became extinct and >60% of species now living in the region originated (Johnson et al. 1995 , Budd et al. 1996 , Budd and Johnson 1999 , Budd 2000 . Changes in the Cenozoic Caribbean coral faunal diversity are unique from other extinctions in that continuity was maintained because origination preceded extinction (Budd and Johnson 1999) .
The trend of origination preceeding extinction is particularly evident in freeliving solitary and flabello-meandroid (FSFM) corals (Klaus et al. 2011) . FSFM corals live unattached to the substrate with colonies composed of a single corallite (solitary), a linear series of corallites (flabeloid), or multiple linear series of corallites (meandroid). By living unattached, FSFM corals are able to inhabit sediment-rich environments where attached colonies might otherwise be prone to smothering (Hubbard and Pockock 1972, Sanders and Baron-Szabo 2005 and references therein). Furthermore, possessing longer tentacles than typical reef corals makes FSFM corals well-suited to zooplankton capture and presumably less dependent on symbiotic algae to meet nutritional requirements (Porter 1976) .
The late Miocene and Pliocene are characterized by diverse assemblages of FSFM corals with common genera including Trachyphyllia, Placocyathus, and Manicina (Klaus et al. 2011 ). In the late Miocene and Pliocene, origination rates of FSFM taxa are roughly double that of other zooxanthellates (Fig. 1 ). This diversification is consistent with paleoceanographic records indicating increased productivity in the Caribbean during this period. O'Dea et al. (2007) characterized marine faunas of Central America prior to 5 Ma as being influenced by upwelling of Pacific waters entering the Caribbean from the eastern Pacific (Keigwin 1982 , Keller et al. 1989 , Maier-Reimer 1990 , Chaisson and d'Hondt 2000 , Schneider and Schmittner 2006 , Jain and Collins 2007 , Lutz et al. 2008 . FSFM corals would have been well suited to capitalize on increased heterotrophic food sources (Porter 1976) . In the Pleistocene, between 2 and 1 Ma, extinction rates of FSFM corals were more than double other coral taxa. This has been attributed to (1) decreasing surface water productivity and thus reduced heterotrophic food sources, and (2) reduced meso-oligophotic habitat associated with steep shelf margins formed due to sea level changes and accelerated Pleistocene reef accretion (Klaus et al. 2011) .
FSFM corals therefore appear to be sensitive indicators of Neogene environmental change, but understanding of their ecology is limiting. One of the primary factors controlling the ecology of corals is their relationship with algal endosymbionts (zooxanthellae). Although symbiont photosynthesis can provide corals with metabolites and stimulate growth, this dependency limits the depth distribution of corals and makes them susceptible to disruption of the symbiotic relationship (i.e., bleaching). Here we assess the photosymbiosis of pre-turnover FSFM corals from the Cibao Basin, northern Dominican Republic ( Fig. 2A) , and how changing Neogene paleoclimatic and paleoceanographic conditions may have contributed to originations and extinctions within this ecological group.
Photosymbiosis in fossil corals has been deduced previously using biologic associations, colony shape, growth form, size, and colony integration (Wells 1956 , Coates and Oliver 1973 , Jackson 1977 , Coates and Jackson 1987 , Wood 1999 . However, most of these methods are inconclusive (Rosen 1977 ). Here we follow an approach similar to that used by Stanley and Swart (1995) , who compared the stable C and O isotopic signatures of well-preserved Upper Triassic (Italy and Turkey) and Upper Jurassic (Poland) corals to modern zooxanthellate and azooxanthellate corals to determine if they had a symbiotic relationship with algal symbionts similar to their living counterparts. Stanley and Swart (1995) found that the ratio of δ 13 C to δ 18 O in modern corals showed a distinction between zooxanthellate and azooxanthellate corals with a similar distinction observed in the fossil record (Fig. 3) . In zooxanthellate corals, algal photosynthesis preferentially uses 12 C. This results in more 13 C being available for calcification compared to azooxanthellates that do not have photosymbionts. In addition, corals without photosymbionts all tend to have a positive covariation between δ 13 C and δ 18 O. This association has been attributed to either kinetic effects (McConnaughey 1989) or changes in pH (Adkins et al. 2003) . Normally, zooxanthellate corals do not have positive δ 13 C-δ 18 O relationships except under specific environmental circumstances (Stanley and Swart 1995) . δ 13 C and δ 18 O values of Mio-Pliocene FSFM corals allow us to assess the relative importance of autotrophy (photosynthesis) and heterotrophy to the energy acquisition of these corals. C o ld a z o o x a n t h e ll a t e li n e W a r m a z o o x a n t h e ll a t e li n e Zooxanthellate field
Bathypsammia tintinnabulum (Emiliani et al. 1978) Bathypsammia floridana (Stanley and Swart 1995) Tubastraea sp. (Weber 1973) Dendrophyllia (Weber 1973) Carophyllia (Land et al.1977) Dendrophyllia (Land et al.1977) Lophelia sp. (Land et al.1977) Montastraea annularis (Swart et al.1991) Manicina areolata, FL Keys (this study) Figure 3 . Isotopic composition of modern azooxanthellate and zooxanthellate corals. Note the positive association between the δ 13 C and δ 18 O in the azooxanthellate corals. The vertical spread in the data represents the range of temperatures at which the various azooxanthellates grow. Modified from Stanley and Swart (1995) . materials and methods fsfm corals of the cibao basin, northern dominican Republic
The island of Hispaniola consists of four northwest to southeast trending mountain ranges separated by three lower-lying valleys (Bowin 1966 , Mann et al. 1991 . The Cibao Basin comprises the northernmost valley and is bordered to the south by the Cordillera Central and to the north by the Cordillera Septentrional.
During the late Miocene and Pliocene, the Cibao Basin was an open shelf and seaway with admixed deposition of siliciclastic and carbonate sediments. Siliciclastics were shed from the Cordilleran Central, whereas the carbonates originated from in situ biogenic production. The exposed sedimentary deposits along the south side of the basin (Fig. 2B ) consist of three formations (Cercado, Gurabo, Mao), each representing an individual depositional sequence (Saunders et al. 1986 , Maier et al. 2007 , Denniston et al. 2008 , 2012 . Excellent preservation of carbonate fossils in a siliciclastic mud matrix has made the region a productive archive for paleobiological research (Nehm and Budd 2008 and references therein).
In total, 1680 FSFM coral specimens were collected from the Cibao Basin, primarily from the Cercado and Gurabo Formations (Klaus et al. , 2011 , consisting of 26 FSFM species belonging to 10 genera. Based on associated benthic foraminifera, the FSFM assemblages ranged from shallow nearshore environments (<5 m), to deeper oligophotic shelf environments (60-100 m; Klaus et al. 2011) . Trachyphyllia bilobata (Duncan, 1864) and Meandrina brasiliensis (Milne-Edwards and Haime, 1849) dominated shallow-water environments along with common occurrences of Manicina geisteri (Budd and Johnson, 1999) , Manicina puntagordensis (Weisbord, 1968) , Manicina pliocenica (Gane, 1895), and Isophyllia sp. B. Open shelf, intermediate depth environments (10-30 m) were comprised most commonly of Thysanus excentricus (Duncan, 1863), Thysanus corbicula (Duncan, 1863), Thysanus navicula (Duncan, 1864), Manicina jungi (Budd and Johnson, 1999) , Placocyathus costatus (Duncan, 1863), and Placocyathus alveolus (Duncan, 1863) . Deeper oligophotic environments (>60 m) were comprised primarily of Antillia dentata (Duncan, 1864), P. costatus, and Hadrophyllia saundersi (Budd and Johnson, 1999) .
specimen preparation and diagenetic assessment
To utilize the δ 13 C and δ 18 O values of Mio-Pliocene FSFM corals to assess the relative importance of photosynthesis and heterotrophy, it is first necessary to establish that the carbonate in the specimens has not been diagenetically altered, and reflects the original skeletal composition (Land 1986) . For the present study, diagenetic alteration was assessed in 20 visually pristine specimens from the Cibao Basin representing two zooxanthellate species [Montastraea trinitatis (Vaughan and Hoffmeister, 1926) and Montastraea endothecata (Duncan, 1863)], two azooxanthellate species [Trochocyathus chevalieri (Cairns and Wells, 1987) and Antillocyathus maoensis (Vaughan and Hoffmeister, 1925) ], and six common FSFM species (T. bilobata, M. jungi, M. geisteri, P. costatus, M. brasiliensis, and A. dentata) . Locality information for the 20 specimens is indicated in Table 1 . To assess the original skeletal preservation, specimens were embedded in epoxy resin and cut longitudinally to reveal the primary skeletal growth axis. Standard petrographic thin sections were prepared to visually screen for original skeletal microstructure, and stained with Fiegel's solution to confirm the presence of aragonite. Powdered samples of each specimen were also tested using x-ray diffraction (XRD) on a PANalytical X'PertPRO X-ray Diffractometer. Although all samples were subjected to XRD analysis, not all drilled materials were analyzed using XRD as sample sizes were generally too small to generate a clear XRD signal.
Stable Isotope Analyses
Samples were excised from the coral skeleton using a 0.5-mm dental drill at approximately 1.0-mm intervals traversing the coral vertical growth axis. The number of samples collected per coral varied by size of the specimen, ranging from eight to 53 samples per coral. The δ 13 C and δ 18 O of the drilled carbonate material (approximately 50 mg) was analyzed using an automated carbonate device (Kiel III) attached to a Thermo Finnigan Delta-Plus mass spectrometer. Data were corrected for the usual isobaric interferences and reported using the conventional notation relative to Vienna Pee Dee Belemnite (V-PDB). One standard deviation of measured standards is typically better than 0.08‰ δ 18 O and 0.05‰ for δ 13 C. The relationship between δ 13 C and δ 18 O for each specimen was determined by Pearson Product-Moment Correlation and two-tailed t-tests. Results petrography and X-Ray diffraction petrographic examination revealed primary aragonitic crystal arrangements of coral trabeculae and sclerodermites within the 20 sampled corals (fig. 4) . furthermore, XRd analysis of powdered samples revealed 86-100 weight% aragonite for the 20 corals sampled (table 1) .
stable isotopes of carbon and oxygen
Zooxanthellate Corals.-The δ 13 C values for M. endothecata ranged from −2.2‰ to 1.4‰ and for M. trinitatis from −3.8‰ to 1.7‰ (Fig. 5A, Appendix 1) (Fig. 5C, Appendix 1) . Similarly, the range of δ 18 O values for M. jungi (−4.4‰ to −2.0‰) was smaller than that for M. geisteri (−5.5‰ to −0.8‰, Fig. 5C ). Though the range of carbon isotopes was similar for all three specimens of M. jungi, the oxygen isotope values of specimen 49546 appear positively shifted in comparison to the other two specimens (Fig.  5C ). Like T. bilobata, the δ 13 C and δ 18 O values of M. jungi and M. geisteri were well correlated (R 2 = 0.355-0.861, all Ps < 0.05; see Appendix 1). Slopes of the best-fit linear regressions were larger for the three specimens of M. jungi (2.277-4.555, Appendix 1), but smaller for the single specimen of M. geisteri (1.523). The δ 13 C values of M. brasiliensis ranged from −3.3‰ to 0.4‰, whereas the δ 18 O values ranged from −3.1‰ to −0.9‰ (Fig. 5D, Appendix 1) . These values fall within the range of values obtained from the zooxanthellate reef corals M. endothecata 
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Placocyathus costatus Antillia dentata T (Fig. 5E, Appendix 1) . While these data plot partially within the zooxanthellate zone, the more negative values of δ 13 C extend beyond the range observed in the zooxanthellate corals. Though only one of the A. dentata specimens showed a statistically significant correlation between δ 13 C and δ 18 O (47898: R 2 = 0.633, P < 0.05, n = 10), the linear regressions displayed smaller slopes (0.415-1.142), in comparison to the other FSFM specimens. The δ 13 C values obtained from two specimens of the FSFM species P. costatus ranged from −4.6‰ to 1.2‰, whereas values of δ 18 O range from −4.2‰ to −0.4‰ (Fig. 5F, Appendix 1) . Though these data plot within both the azooxanthellate and zooxanthellate fields, they appear to lie more fully within the azooxanthellate field. Both P. costatus specimens had a positive correlation (R 2 = 0.815-0.872, both Ps < 0.05, n = 15) with the linear regressions displaying slopes (1.409-2.094) larger than the zooxanthellate specimens. Neither specimen of P. costatus had δ 13 C values as light as those observed within the azooxanthellate specimens.
discussion

Resource partitioning and assessing photosymbiosis
While corals are typically classified as either zooxanthellate or azooxanthellate, meaning those that contain photosymbionts and those that do not, this does not fully characterize the variation in how corals acquire resources. There are also a small number of apozooxanthellate species, corals with the capacity to switch back and forth between being zooxanthellate and azooxanthellate (Stanley and Cairns 1988) . Furthermore, among the zooxanthellates there is likely a full spectrum of corals ranging from those that obtain energy wholly from autotrophy, to those that have a more balanced mix of autotrophy and heterotropy, to those that are almost solely heterotrophs. Budgets of photosynthetically-fixed carbon have been established for a variety of zooxanthellate corals (Davies 1984 , McCloskey and Muscatine 1984 , Porter 1985 , Edmunds and Davies 1986 . In shallow water, photosynthetic rates are often high enough in zooxanthellate corals that translocated carbon can fully meet the carbon demand for respiration and growth (Muscatine et al. 1985 (Muscatine et al. , 1989 . When algal symbionts are absent, or photosynthetic rates are low, much less translocated carbon is available for animal respiration and growth. When translocated carbon is not available to meet the nutritional demands of the animal, carbon must be obtained from other sources , McCloskey and Muscatine 1984 , Porter 1985 . The primary heterotrophic food source of corals is demersal zooplankton (Yonge 1930 , Porter 1974 . These two ecologic strategies are clearly reflected in the habitats of zooxanthellate and azooxanthellate corals. Zooxanthellate corals are restricted to the photic zone (<100 m), with maximum reef development typically restricted to <30 m of water depth. Zooxanthellate reef corals with small polyps, and high surface to volume ratios are well suited to an autotrophic mode of life (Porter 1976) . Conversely, while azooxanthellate corals can be found in shallow environments, the vast majority of azooxanthellate coral diversity is found below the photic zone and in cryptic environments (Cairns 1979 , 2007 , Stanley and Cairns 1988 . Azooxanthellate corals, which survive solely on heterotrophic food sources, are typically solitary and have larger polyps and lower surface area to volume ratios.
While morphology can provide clues to photosymbiosis and resource acquisition in the fossil record, the δ 13 C and δ 18 O values of the coral skeleton provide a more definitive method of assessing resource acquisition in the geological record (Stanley and Swart 1995) . The classical notion of stable isotopic fractionation during skeleton formation and the influence of photosymbiotic algae arises from early hypthotheses put forth by Weber (1974) and Goreau (1977) that the photosynthetic activity of the zooxanthellae fractionated the internal C pool from which calcification occurred. Hence under conditions of high light, photosymbionts incorporated more CO 2 , which enriched the internal pool of δ 13 C. Such trends are evident in the data from numerous studies as depletion in δ 13 C with increasing water depth (Land et al. 1975 , Weber 1976 , Swart and Coleman 1980 , Swart 1983 . In contrast to δ 13 C, δ 18 O in corals has largely been interpreted as reflecting variation in temperature (Weber and Woodhead 1972 ) and δ 18 O of the water (Swart and Coleman 1980) . Assuming that the local water δ 18 O has remained relatively constant, shallow corals should show a range in δ
18 O values commensurate with the range in sea surface water temperature. This range should be reduced in magnitude and shifted toward slightly more positive values with increasing depth. Depth differences are also evident in the δ 13 C of the coral tissues and the zooxanthellae as a function of depth. In shallow-water corals, zooxanthellae of δ 13 C are typically more positive (−9‰ to −12‰) than those of the coral tissue (−12‰ to −16‰; Land et al. 1975 , Muscatine et al. 1989 . With increasing depth, δ 13 C of the coral tissues become more negative (approaching the δ 13 C of the presumed food), and δ 13 C of the zooxanthellae assumes a similar value to that of the coral tissue. This has been interpreted as reflecting a switch from autotrophy to heterotrophy (Grottoli and Wellington 1999) . Such a pattern may also be evident in shallow zooxanthellate corals showing seasonal variations in the difference between δ 13 C of the zooxanthellae and that of the coral tissue (Swart et al. 2005) . Some uncertainty regarding the controls of both δ 13 C and δ 18 O arises through the uncertain effects of kinetics. McConnaughey (1989) proposed that faster growing corals have skeletons that are farther from isotopic equilibrium. In his model, the coral pumps protons from the region where the skeleton forms, raising the pH and lowering the pCO 2 . Molecular CO 2 then diffuses across the coral's basal epithelium . During fast calcification this isotopically depleted HCO 3 − and CO 3 2− precipitates before it can isotopically equilibrate with seawater. Other work has suggested that all corals have a certain degree of kinetic induced fractionation that can be removed using a transformation based on the oxygen isotopic composition of the skeleton (Heikoop et al. 2000 , Maier et al. 2003 .
Significantly less effort has been expended in explaining the fractionation mechanisms in azooxanthellate corals. Many such corals grow in cold waters, where there is little yearly change in temperature or chemical composition. Hence the wide range of δ 18 O values cannot be a result of changes in temperature or salinity and must be instead a result of physiologically induced changes in the fractionation process, as suggested by McConnaughey (1989) and Adkins et al. (2003) .
Resource partitioning in mio-pliocene fsfm corals The δ 13 C values obtained from coral skeletons of FSFM corals provide the best indicator of resource utilization (Fig. 6) . Values of δ 13 C for both modern reef corals and Mio-Pliocene reef corals from the Cibao Basin fall between 0‰ and −2‰, whereas the δ 13 C values of azooxanthellate corals generally fall between −3‰ to −9‰. Both the modern and fossil FSFM corals lie intermediate to these end members (Fig. 6) , with values of δ 13 C between −1‰ and −4‰. Resource utilization is also reflected in the covariation between δ 13 C and δ 18 O. Both modern (Stanley and Swart 1995) and Mio-Pliocene azooxanthellate corals show a stronger positive covariation between δ 13 C and δ 18 O than zooxanthellate reef corals. Variation in the relationship between δ 13 C and δ 18 O is also evident between different FSFM coral species of the Cibao Basin, where the largest slopes occurred in the shallowerwater species T. bilobata and M. jungi and smaller slopes in the deeper water species A. dentata and P. costatus. There was a strong correlation between δ 13 C and δ 18 O in the shallow water specimens of M. brasilensis; however, the slopes of these specimens were smaller than expected.
While FSFM corals from the Cibao Basin clearly utilize translocated carbon from associated algal symbionts, the more negative values of δ 13 C and positive covariation between δ 13 C and δ 18 O suggest a greater dependence on heterotrophic feeding, and can help explain how past environmental conditions may have influenced evolutionary patterns within this ecological group. Modern reefs exposed to increased nutrients show faunal changes from those dominated by animals in symbiosis with zooxanthellae to dominance of herbivorous grazers and finally to Table 1 for complete species names.
dominance of heterotrophic suspension feeders (Birkeland 1987, D'Elia and Wiebe 1990) . Building on these observations, Allmon (2001) showed how increased productivity during the Mio-Pliocene could stimulate diversification through the formation, persistence, or differentiation of isolated populations of suspensionfeeding taxa like FSFM corals. Conversely, during Pleistocene extinctions, larger, faster growing euphotic corals with long generation times were the most likely to survive and represent a shift in coral growth toward shallower environments Johnson 1999, Klaus et al. 2012) . Those FSFM taxa that survived show a similar trend; they are the largest, fastest growing, and have the highest degree of colony integration. These species are most often associated with shallow sand flats or seagrass beds (Johnson 1992) .
Given these trends, it is not surprising that many of the dominant reef coral species of the past million years are now showing the largest declines. Reductions in modern coral cover have been attributed to increased sedimentation, overfishing, nutrification, disease, and bleaching (Hoegh-Guldberg et al. 2007) , factors reminiscent of conditions present during the late Miocene and Pliocene when pCO 2 , sea level, sedimentation, and productivity were higher. In analyzing modern eastern Pacific corals, Grottoli et al. (2006) showed that resource utilization plays a significant role in coral resilience. Bleached and recovering colonies of Montipora capitata (Dana, 1846) met >100% of their daily metabolic energy requirements by markedly increasing their feeding rates and the percent contribution of heterotrophically acquired carbon, whereas Porites compressa (Dana, 1846) and Porites lobata (Dana, 1846) corals did not. Combined with our results, these findings suggest that FSFM coral species and other corals with a high heterotrophic capacity may be more resilient and less prone to future ecological decline and extinction as environments trend back toward Mio-Pliocene like conditions. acknowledgments support for this research was provided by the us nsf (eaR-0446768, eaR-0445789), and the industrial associates of the university of miami center for carbonate Research (csl). We thank a budd for help with collections, and c pederson and c schroeder for assistance in the laboratory. 
